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Abstract 
Performance of Polypropylene Geosynthetic Filters Under Pressurized Hydraulic Flow 
Conditions: Headloss and Iron Oxide Coating Retention 
Jade Mitchell-Blackwood 
Patrick Gurian, Ph.D. 
 
 
Fibers present favorable physical, hydraulic and specific surface area properties for use as 
a substrate in developing a novel media for the adsorption of heavy metals from drinking 
water. Specifically the high surface area of the fibers is able to achieve a significantly 
higher iron-oxide density than reported results for sand under similar coating conditions; 
the high porosity and high permeability can result in lower headloss in column treatment 
than traditional materials; and the chemical inertness of the surface can only achieve 
loosely attached, physically associated coatings making simple, physical regeneration a 
possibility. The coating procedures for iron-oxide coated sand from previously reported 
studies were considered as a model.  Previous studies included abrasion tests to remove 
loosely attached iron-oxide after coating at unspecified or very high Reynolds numbers. 
This study was conducted to determine the ability of polypropylene fiber to retain a high 
iron-oxide coating under reasonable flow rates, typical of those used in water treatment, 
through column studies. In the column studies, the material was tested under two 
different packing schemes, and headloss, an important parameter to consider in choosing 
filter media for practical application, was also measured. Additional experiments were 
included to characterize the coated media, illustrate the removal effectiveness of a 
representative heavy metal (arsenic), and determine its ability to be regenerated. The 
polypropylene mat achieved an iron density of up to 99.8 mg Fe/g of material and 
retained 72% of this coating after being subjected to hydraulic flows several times the 
 ix
reasonable rate, while maintaining an acceptable headloss. However, even after washing 
at 100 bed volumes, the suspended iron concentration of the effluent water was 
consistently above the secondary MCL for iron in drinking water, 0.3 mg/L. While the 
samples showed a substantial reduction from the initial concentrations, the result, while 
promising is unreliable. Further investigation should include maximizing the coating 
conditions, minimizing iron loss in effluent water and evaluating the effective lifetime of 
the media. 
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I. INTRODUCTION AND BACKGROUND 
I.1 Background on Conventional Treatment 
Toxic metals in drinking water pose a health concern to humans.  For this reason 
stringent standards for treatment and maintenance in the distribution system have been 
placed on water and wastewater treatment utilities. Conventional treatment processes for 
removing dissolved metals, such as cadmium, chromium, copper, lead, nickel, and zinc 
from solution involve chemical precipitation with a coagulant by conversion to insoluble 
salts - oxides, hydroxides, carbonates, or sulfides.  The salts are removed from the water 
by settling, resulting in sludge solids. For this reason, the ability to remove metals from 
water by precipitation depends primarily on the solubility of the various complexes 
formed in water. If metal hydroxides are formed, for example, the solubility of the 
precipitates and the residual metal concentration is a function of pH (AWWA – Benefield 
and Morgan 1999). 
 
Practical limitations of the conventional processes affecting the efficiency and ability to 
remove metals to levels consistent with the regulatory standards include (Benjamin et al. 
1996): 
• the presence of complexed metals, which cannot be precipitated 
• the presence of metals as anions, which require a different process because they 
can not be removed by conventional chemical precipitation 
• the requirement of three additional treatment steps – raw water sedimentation, 
sludge thickening and semi-finished water filtration through granular media 
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• the generation of Fe oxides, which form as precipitates when iron salts are used as 
coagulants are hard to de-water and require large quantities to make the process 
efficient, which greatly increases the volume of sludge  
• the operation, maintenance and disposal costs for the conventional metal 
precipitation process can require a considerable financial commitment over the 
long term. 
I.2 Adsorption onto Iron Hydroxide 
As an alternative, research has been conducted into adsorption-based processes for the 
removal of metals. Findings indicate that these processes are easier to operate, remove 
metals over a wider range of pH values and achieve much lower contaminant levels in the 
effluent finished water. Adsorption processes can also remove inorganically and 
organically complexed metals. (Benjamin et al., 1996)  Examples of this research, based 
on the established premise that iron and iron oxides have a high affinity for metals, 
include the removal of arsenic using naturally occurring iron ores (Chakravarty et al. 
2002, Zhang et al. 2004), amorphous iron hydroxide (Wilkie and Hering 1996, Pierce and 
Moore 1982 ), proprietary sorbents (Driehaus at al.1998, Driehaus 2002, ADEQ 2004, 
Westerhoff et al. 2005), Fe(III) doped alginate gels (Min and Hering 1998), Ce(IV)-
doped iron oxide adsorbent (Zhang et al 2003), Fe(III) loaded open-celled cellulose 
sponge (Munoz, et al. 2002), iron-coated polymers (Katsoyiannis and Zouboulis 2002) 
and iron-coated sand (Benjamin et al. 1996, Lo et al 1997, Joshi and Chaudhuri 1996, 
Thirunavukkarasu et al, 2003, Vaishya and Gupta 2003, Xu and Axe 2004, Gupta et al 
2005, Kundu and Gupta 2006) under schemes of both single use and regeneration of 
spent sorbents.  
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Iron-coated materials warrant further study because they may be promising based on a 
comparison of adsorption capacity of the media, iron content of the adsorbent, removal 
efficiency, and cost.  Coated materials may also present the possibility of reusing the 
media.  
 
Numerous studies have found that hydrous ferric oxide is a suitable adsorbent for 
developing coated media. (Farley et al. 1985, Benjamin et al. 1996, Joshi and Chaudhuri 
1996, Lo et al. 1997, Katsoyiannis and Zouboulis 2002, Thirunavukkarasu et al. 2003, Xu 
and Axe 2004, Gupta et al. 2005, Kundu and Gupta 2005.)  Iron is an abundant resource 
and available at a relatively low cost.  
 
Ferric chloride is already commonly used as a coagulant. Iron hydroxide solids have a 
particularly high affinity for a variety of heavy metals. Compared to other sorbents it can 
be used over a wider pH range for the removal of anionic and cationic metals 
(Thirunavukkarasu et al, 2003). “For cations, sorption increases with pH and the fraction 
sorbed increases from zero to one over a narrow pH range” (Dzombak and Morel 1990). 
“Sorption of anions, on the other hand, is greatest at low pH and decreases gradually as 
pH increases,” (Dzombak and Morel 1990). The Langmuir and Freundlich models are 
generally used for describing adsorption in terms of the interaction of the adsorbate with 
the surface OH groups of the adsorbent oxide. The Langmuir isotherm is generally fitted 
to anion adsorption data and the Freundlich isotherm to cation data. These models 
describe the hydroxyl group interacting with other cations, while the metal (iron) ion acts 
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as a Lewis acid, exchanging the OH group for other ligands. Surface complexation 
models also exist which produce isotherms with a firmer physical basis than empirical 
equations like Freundlich. These models explicitly define the chemical reaction involved 
in the adsorption process. Adsorption is treated as an interaction of adsorbing species 
with well defined coordination sites on multiple layers, which locate different adsorbing 
ions in different planes (Cornell and Schwertmann 1996). In Farley et al. (1985) 
extension of the surface complexation model sorption process of cations on metal oxides 
is described as a continuum between adsorption reactions and precipitation due to new 
hydroxide surfaces formed as metal is adsorbed on a surface, enabling additional mass 
transfer of the sorbent metal to the solid phase.  The surface precipitation model can also 
be applied to the adsorption of anions on a metal hydroxide with the difference being that 
surface reactions are described by an exchange with surface hydroxyl groups (Farley et 
al. 1985). 
 
I.3 Using Fibers as a Substrate for Coating 
While limited research has been conducted into their use in water treatment applications, 
fibrous materials may be superior to granular materials as a substrate for iron oxide 
coating because they offer a higher specific surface area than do the granular particles 
typically used in packed bed applications. Of particular interest is inexpensive 
polypropylene fibers, especially attractive because the geosynthetics industry is already 
set up to manufacture any type of assembled filter fiber morphology desired, as shown on 
Figure 1.  
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The diameter of a non-woven geotextile fiber is roughly 40 μm (Konrath and Hsuan 
2002).  Given the particle diameter, a specific surface calculation (surface area per unit 
volume) for this polypropylene fiber and a coarse sand in the size range of granular 
media typically used in water treatment (0.5 mm diameter) yields 105 m-1 and 6 x 103 m-1, 
respectively.  Therefore, fibers provide more surface area for coating with iron hydroxide 
by more than an order of magnitude. This implies that fibers may have an increased 
capacity to retain iron compared to granular media and could be used for contaminant 
removal. Polypropylene fibers can retain an iron coating of up to 60 mg Fe/g 
polypropylene (Wisse et al., 1990) and up to 16% of its weight in iron (Konrath and 
Hsuan, 2002). Studies also indicate that smaller media size diameter has a positive affect 
on adsorption based removal kinetics (Westerhoff et al., 2005).  
 
In comparison to iron-coated sand, on which much of the research has focused, the use of 
fibers may reduce the head loss in packed bed columns because of higher porosity and 
permeability. Table 1 illustrates a side by side comparison of these parameters. 
Permeability scales inversely with the square of fiber diameter (Mao and Russell 2003.) 
Thus, numerical values obtained from coated geosynthetic fibers are expected to show 
orders of magnitude differences in permeability between the coated fiber packed beds and 
traditional sand filters. The obvious result is that one can choose between lower head loss 
per unit area of filter, or higher flux for the same area. 
 
 
 6 IN-PLANE
CROSS-PLANE
 
 
 
 
 
Figure 1 – Anisotropic Permeabililty in Geotextile Fabric 
As noted earlier, different morphologies can be fabricated, but this study used an off-the-
shelf material commercially available on the market. Clean, non-woven, needle-punched, 
polypropylene geosynthetic materials typically have a cross-plane permeability ranging 
between 2.2 x 10-3 m/s (2.2 cm/s) and 8 x 10-6 m/s (0.008 cm/s) and an in-plane 
permeability of 4 x 10-4 m/s (0.4 cm/s)(Koerner 2005). This is also shown graphically in 
Figure 1. These measurements represent the anisotropic permeability of the material with 
respect to thickness. The variation in geotextile thickness attributed to its compressibility 
under load is a major issue particularly with nonwoven needle punched geotextiles 
because loading results in decreased cross-plane permeability.  
 
A coarse sand with a diameter of 0.5 to 1.0 mm has a typical permeability of 5.2 x 10-4 
m/s (0.52 cm/s) (Todd and Mays 2005). The porosity of a geotextile is also proportional 
to its thickness, which varies with normal stress. A typical value of porosity for a non-
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woven, polypropylene geotextile is in the range of 85-87% (Aydilek 2005) compared to 
that of a granular coarse sand with a fixed value around 39% (Todd and Mays 2005).  
 
Table 1 – Comparison of Non-woven Geotextile Fibers and Coarse Sand 
Material Particle Diameter, mm 
Specific 
Surface Area, 
m-1 
Permeability 
(cross-plane), 
m/s 
Permeability 
(in-plane), 
m/s 
Porosity, % 
Non-woven 
geotextile 
fibers 
0.04 105 2.2 x 10
-3 
(minimum) 4 x 10
-4 85 - 87 
Coarse Sand 0.5 - 1 6 x 103 5.2 x 10-4 5.2 x 10-4 39 
 
The use of different packing densities offer control over the media porosity, which can be 
a significant design parameter. Porosity affects the available sites for storage and sorption 
of metals, as well as, permeability and flow rate. Presumably more material can be 
captured without seriously affecting head loss before it is necessary to remove or 
regenerate the filter. Images of compressed specimens show that pore channels 
controlling filtration are formed by packs of fibers in contact (Palmeira and Gardoni 
2002). This compression may occur at the higher flow rates used for pre-washing of the 
material. Another phenomenon to consider is that particles of iron oxide washed from the 
media can clog the pores of the media reducing the efficiency of the process. For these 
reasons, the effect of packing density on the hydraulic properties of the system is an 
important parameter to be studied and compared to conventional sand filters, along with 
iron loading and coating retention. 
The coatings can be achieved by neutralizing ferric chloride in the presence of the 
material to be coated and allowing sufficient time for the precipitate to deposit on the 
surface of the material (Benjamin et al. 1996). This has been largely observed on sand 
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particles, but has been developed on other materials as well. As previously stated, limited 
information is available on the use of fibers as a potential raw material for coating for 
developing an iron-oxide coated fibrous adsorbent. Both non-woven polypropylene fibers 
and ferric chloride are available at a low cost, which make them a potential non-
proprietary, inexpensive material for a fixed bed or column treatment process. Fixed bed 
treatment systems used for adsorption and ion exchange are appealing to small water 
treatment systems because they are simple to operate and manage, have a high 
regeneration capacity and do not require sludge separation or disposal (Thirunavukkarasu 
et al. 2001). The benefits of developing a low-cost, simple coating process extends from 
in-home column treatment (i.e Point of Use) to an affordable means for small utilities to 
meet lower maximum contaminant levels (MCLs) for heavy metals. 
 
I.4 Development of Coated Media 
Previous studies (Lo et al. 1997, Konrath and Hsuan 2002, Thirunavukkarasu, et al, 2001, 
Benjamin et al. 1996, Xu and Axe 2005) have evaluated the effect of initial concentration 
of ferric chloride, temperature, pH, degree of agitation and time in solution on iron 
deposition and removal of heavy metals from water. However, the results of this research 
are highly variable and have not yielded a standardized procedure for coating, which is 
necessary to lead to a design process.  
 
Published procedures for coating and iron densities achieved are summarized in Table 2. 
These studies consistently report washing with deionized water after coating to remove 
loosely attached oxide until the wash water was clear. In a study published on iron-coated 
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silica and its effect on metal adsorption, abrasion tests were performed on coated silica at 
Re>104 for 4 hours (Xu and Axe 2005). In contrast, typical treatment flows are 
consistently in the laminar range Re<2300 (White 1979). Retention of iron-oxide 
coatings under these lower flow rates has not been well characterized by previous 
researchers, which formed the motivation for evaluating this parameter in this study. If 
non-woven fibers can retain the coating (high iron density) under reasonable flow rates, 
then they may be considered superior to other media because they also offer more 
favorable permeability and specific surface area in column treatment.  
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Table 2 - Coating Conditions Used by Previous Researchers 
(Gurian et al., 2005, AWWA-RF Report #2 – Removal of Arsenic by Sorption to Iron-Coated Fibers) 
Coating 
Reference Material 
Fe, M pH Temp (
oC) 
and Duration 
Coating 
steps 
Iron loading 
(mg Fe g-1) 
Lo et al., 1997 Sand 0.25 6,8,10 and 12 
60(15H) and 
150(15H) 1 1-2 
Lo et al., 1997 Sand 0.25 6,8,10 and 12 
300(5H) and 
500(5H) 1 1-2 
Vaishya and Gupta et 
al., 2003 Sand 2.5 Acidic 
110 + 
550(3H) 1 4.6 
Vaishya and Gupta et 
al.,  2003 Sand  Acidic 100 1 15.2 
Xu and Axe 2005 Sand2 NR 7.5 60(3D) 1 21 
Benjamin et al., 1996 Sand 2.5 Acidic 110 + 550(3H) 1 32 
Thirunavkkarasu et al. 
2003 Sand 2 Acidic 
110(44H) + 
550(3H) + 
20(100H) 
2 45 
Petrusevski et al., 2002 Sand_GDW1 NR NR NR NR 330 
Zeng, 2003 Silica 1 3-12 Few hours-Few days 1 512 
Min and Herring, 1997 Alginate Gels (Ca-Fe beads) 0.1 NR NR NR 
0.025 
mgFe/bead 
Payne et al. 2005 AC Filtrasorb 300 0.5 Acidic 23(48H)+ 120(24H) 1 NR 
Payne et al. 2005 
Chabazite CABSORB 
ZS500 RW pretreated 
with Na2SO3 
0.5 Acidic 23(48H) + 120(24H) 1 NR 
Cumbal et al., 2005 Purolite A-400 0.25 2 50-60 (2H) 1 60 
Payne et al. 2005 Linde type A (5A) 0.5 Acidic 23(48H) + 120(24H) 1 NR 
Gu et al.., 2005 Dacro 12*20 (pretreated w/NaClO) 0.05 
4.5-
5.0 25(24H) 1 23 
Guo et al., 2005 Cellulose 0.62 3.5-4.0 
No heat 
treatment 7 468 
Munoz et al. 2002 Cellulose 0.1 2 75(24H) 1 14 
Gu et al., 2005 Dacro 12*20 (pretreated w/NaClO) 0.4 
4.5-
5.0 25(24H) 1 77 
Ghimire et al. 2003 Phosphorylated Orange Waste 0.001 3 30(24H) 1 68 
Murugesan et al., 2005 Tea fungal biomass 9.23 E-5 Acidic 25(2H) 1 NR 
      et al., 2002 GAC HD 4000 Fe NR NR NR NR 81 
Matsunaga et al., 1996 Chelating Resin LDA 0.30.1 3 25(5H) 1 50 
Katsoyiannis et al., 
2002 
PolyHIPE (high internal 
phase emulsion) 0.3 5 25(3H) 1 93 
Kumar et al. 2006 Fiberglass fiber 0.25 1.3 110(24H) 1 231 
NR:Not reported and incomplete information is given for calculating iron loading. 
1: from Groundwater treatment plant, Noord Bargeres, Netherlands, 9.3 years in use 
2: iron concentration reported at 3% by weight 
 
While the values in Table 2 reflect iron loadings after washing, the materials tested do not 
illustrate that there exists a direct relationship between coatings produced at higher 
concentration, temperature or reaction times and higher iron loadings (Kumar et al. 2006, 
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Xu and Axe 2005). It should be noted that even among studies using the same material, 
sand, there is a wide range of reported iron loadings (from 1 to 330 mg Fe per g of media) 
which may or may not be due to the washing step. This study aims to resolve these 
discrepancies using a factorial experimental design including a standardized washing 
procedure and accepted coating conditions for materials to be used as adsorbents. 
 
The objectives of this study are to determine: (1) what the highest achievable iron density 
is on non-woven fibers, using published coating procedures; (2) how well the coating is 
retained under different hydraulic flows, both in initial washing during the coating 
procedure and under flow conditions close to those expected in a column treatment 
process; and (3) estimate headloss during pressurized flow through both coated and 
uncoated fibers and compare the hydraulic conductivity with values determined for 
geosynthetic fibers used in geotechnical applications.. The overall aim of the research is 
to evaluate the iron density after washing under various flow rates in column studies with 
two different packing densities. Porosity, permeability, and headloss were measured. 
They are important parameters because compression and dense packing of the material 
blocks pores and hides surfaces from contact with the solution. The expected results of 
this research are the identification of some appropriate design parameters for effective 
coating of non-woven fibers as an iron-oxide coated sorbent for the removal of metals 
from drinking water. 
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II. MATERIALS AND METHODS  
II.1 Water and Standard Solutions  
All chemicals used were of analytical reagent grade.  Milli-Q DI water was used in the 
preparation of standard and diluted solutions. All glassware and polyethylene bottles 
were soaked with 10% nitric acid for 12 hr and rinsed with Milli-Q water. Iron chloride 
solution was prepared using iron chloride (FeCl3, 98%, VWR International1.) 10% HCl 
and 1 M NaOH were used for pH adjustment. 
 
II.2 Polypropylene Geotextile Fabric 
Two non-woven, needle-punched, polypropylene, staple fiber geotextiles were used in 
the washing and headloss experiments, GEOTEX 351 and GEOTEX 451, respectively. 
Both are manufactured by SI Geosolutions, Chattanooga, TN, (http://www.fixsoil.com) 
[1]. Their properties are summarized in Table 3.  
 
Table 3 – Physical and Hydraulic Properties of Geotextiles 
(SI Geosolutions, Inc. Chattanooga, TN) 
Properites GEOTEX 451 
 
GEOTEX 351 
Physical 
Mass/Unit Area1 4.0 oz/yd2 136 g/m2 3.0 oz/yd2 102 g/m2 
Thickness1 45 mils 1.1 mm 40 mils 1.0 mm 
Hydraulic 
Appararent Opening 
Size (AOS)2 
70 US Std. 
Sieve 
0.212 mm 50 US Std. Sieve 0.300 mm 
Permittivity1 1.5 sec-1 1.5 sec-1 2.00 sec-1 2.00 sec-1 
Permeability1 0.22 cm/sec 0.22 cm/sec 0.25 cm/sec 0.25 cm/sec 
Water Flow Rate1 120 gpm/ft2 4889 l/min/m2 150 gpm/ft2 6112 l/min/m2 
1 Minimum average roll values (MARV2) are calculated as the typical minus two standard deviations. 
Statistically,  it yields a 97.7% degree of confidence that any samples taken from quality assurance testing 
will exceed the value reported. 
2 Maximum average roll value. Statistically, it yields a 97.7% degree of confidence that any samples taken 
from quality assurance testing will be below the value reported. 
                                                 
1 Materials are commercially available by other vendors and no endorsements are implied. 
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II.3 Preparation of  Iron-Oxide Coated Polypropylene Fiber Mat (IOCPPM)   
The polypropylene geotextile fiber mat was cut into different shapes for the evaluation of 
two different packing schemes in the column studies. The first packing scheme required 2 
inch diameter circles, which were cut using a Thwing-Albert Catalog 240-10 Alfa 
Hydraulic Precision Sample Cutter (Thwing-Albert Instrument Company, Philadelphia, 
PA 19154) with a custom 2 inch diameter circle die. The second scheme required 
approximately 1.18 inch wide strips of fabric at various lengths. Figure 2 shows two 
prepared samples – rolled and packing scheme. 
 
Figure 2 – Cut Geotextile for Rolled and Stacked Packing Scheme 
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After the fabric was cut it was submerged in Milli-Q water overnight at room temperature 
(25oC), then rinsed with Milli-Q water, and dried at room temperature for 24 hr as a 
preliminary washing step. 
 
The fabric was then coated with iron oxide by the precipitation method, which consists of 
first adding the material to be coated to a concentrated, acidic ferric salt solution and then 
precipitating the iron by neutralization with a strong base. This method is well 
documented in the procedures outlined by Xu and Axe (2005) and Meng and Letterman 
(1993). A 0.25 M FeCl3, iron chloride solution was poured over the polypropylene mat in 
a large enough beaker to allow stirring. The pH of the suspension was raised slowly to 
8.53 by the addition of 1 M NaOH solution. HCl was added to adjust the pH if necessary. 
The suspension was aged at room temperature (25oC) open to the atmosphere for 24 hr. 
The suspension was stirred during the base titration, but not stirred during the aging 
process. 
 
The coated media was then removed from solution and frozen at -4oC in loosely sealed, 
plastic weighing trays, which were taped together for a period ranging from a day to 
several weeks in order to prevent additional coating from contact with solution. 
 
II.4 Arsenic Batch Studies  
Batch experiments were conducted with coated and washed samples to measure the 
IOCPPM’s potential for arsenic adsorption. These experiments were conducted with an 
initial pH 7.6, adjusted using HCl and NaOH for a 24-hour contact period at room 
temperature (25oC) in a rotary shaker at 175 rpm. (Usually, groundwater is more heavily 
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mineralized than surface water with metals as well as carbonates, and many small water 
utilities have ground water supply sources. ) Synthetic El Paso water with a 1000 μg/L 
As(V) concentration was used as the adsorbate (refer to Table 4). A 10 mg/L As (V) 
(Na
2
HAsO
4
.7H
2
O, Sigma-Aldrich, USA) stock solution was prepared and diluted 
appropriately to prepare the lower arsenic concentration. 
 
Table 4 – Composition of Synthetic El Paso Groundwater (EPWUSB, 2005). 
Characteristic Quantity 
pH 7.6 
Fe <0.3 mg/L 
alkalinity 134 mg/L as CaCO
3
 
SO
4
2- 276mg/L 
Cl
-
 232 mg/L 
Ca2+ 56 mg/L 
NO
3
-: 1.4mg/L 
PO
4
3- < 0.1 mg/L 
SiO
2
 33 mg/L 
 
Synthetic groundwater was prepared by simulating the water quality characteristics of the 
El Paso Water Utilities’ Well # 303. The test was conducted with a 10g/L sorbent 
concentration (2 g of IOCPPM in 200 mL solution of synthetic groundwater, typical) in a 
250 mL polypropylene bottle. Suspensions containing adsorbents were filtered 
immediately through a membrane filter (0.45-μm nominal pore size) at the end of every 
experiment and preserved using nitric acid at 4oC until arsenic analysis.  
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II.5 Column Studies 
(a) Column Design 
The column used in the washing experiments was constructed in three sections of 2’’ 
diameter PVC pipe.  The center section, attached to the upstream and downstream 
sections by socket welded 2’’ flanges, was designed to hold a sample up to 5’’ in length 
(see Figure 3b). Samples are held in place on the downstream side by 2’’ diameter cut-to-
fit plastic mesh shaped from gutter screening.  The openings in the screening are large 
enough to consider any resistance to flow contributed by the screen as negligible.  To 
enable measurement of head loss across the sample, manometer tubes were placed 
adjacent to the sample section on both the upstream and downstream side. The design is 
similar to the constant head permeameter, which measures the hydraulic conductivity of 
granular media per ASTM D 2434 standard reference. ¾’’ reducer adapters and ¾’’ 
valves were placed at both ends of the column to control water flow. Hydraulic flow was 
induced by connection to a reservoir with water level kept at a constant elevation head of 
9 ft above the inlet of the column. During testing, the valve on the upstream side of the 
column was kept fully open, so flow from this direction was controlled by the hydraulic 
conductivity of the sample and the hydraulic head applied. On the downstream end, flow 
was controlled by the valve position of the ¾’’ valve. The flow rate/ linear velocity was 
controlled by varying the valve opening on the downstream end of the column and by the 
addition of ½’’ tubing and a needle valve for lower flow rates. Figure 3a and 3b show 
photographs of the column and tank system. 
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Figure 3a- Photograph of test column and tank system 
 
Figure 3b- Photograph of test column 
 
At the highest flow rates the column was discharged into a full reservoir on the 
downstream side of the column to keep the head positive in the manonmeters. Water was 
allowed to flow unrestricted from the reservoir through a ½’’ tube attached by bulkhead 
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fitting to an orifice cut into the reservoir. For all experiments, the flow rate was 
determined by volume sampling over time (dV/dt). 
 
(b) Packing Scheme in Column 
Coated polypropylene fiber mat was packed into the two inch diameter column in two 
different manners. The first method of packing consisted of stacking two inch diameter 
circles in layers of 50 to force the flow direction normal to the plane of the fabric as 
termed “cross-plane”. The thickness of the layers was approximately 2’’ without normal 
compression and the average weight of the sample was approximately 14g. The circles 
were cut and staked carefully to avoid preferential flow paths along the side walls of the 
column. 
 
The second method involved cutting the fiber mat into strips and tightly rolling the strips 
into a cone shape, then inserting it into the column. Figure 4 illustrates this packing 
scheme. The strips were approximately 1.18 in width and cut at appropriate lengths to, 
allow the rolled cylinder to have a 2 in diameter. Lateral compression of the samples 
enables denser packing, so the sample density in this scheme was controlled by keeping 
the sample weight consistent with the previous packing scheme, approximately 14g per 
sample.   
 
The two different packing schemes with constant weight and different volumes yielded 
porosity values of approximately 0.84 and 0.75 for the uncoated stacked and rolled 
samples respectively. 
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Fiber mat 
Roll  
Cylindrical 
contactor 
 
Cross-section A-A’
A A’
Rolled fiber mat may 
(a) 
now be compressed 
laterally to increase 
fiber density 
(b) 
  
Figure 4 Schematic of Rolled Packing Scheme (a) fiber mat rolled in cylindrical 
shape, (b) cross section of cylindrical shape.(Gurian 2005) 
The two packing methods allow us to vary porosity, pore size distribution, thickness of 
the bed and directional permeability. The stacked method should create more tortuous 
paths for flow and increase the filtration mechanism. One should expect increased 
particle entrapment with this scheme. Figure 5 illustrates the packing schemes and 
orientation in the column. 
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INDIVIDUAL FIBERS 
IN POLYPROPYLENE 
GEOTEXTILE 
IN-PLANE FLOW DIRECTION CROSS-PLANE FLOW DIRECTION
PARTICLE FLOW 
LOWER PERMEABILITY 
LOWER IRON RETENTION 
LOWER POROSITY 
STACKED ROLLED 
HIGHER PERMEABILITY 
HIGHER IRON RETENTION 
HIGHER POROSITY 
Figure 5 – Orientation of Geotextile Fiber Mat with Respect to 
Flow in Stacked and Rolled Packing Schemes 
 
 
(c) Washing Experiments in Column  
Washing experiments were performed at various flow rates varying 2 orders of 
magnitude for 100 bed volumes (BV) or 10.3 liters calculated as the dry volume of the 2 
inch long by 2 inch diameter packing obtained from the stacked packing scheme. The 
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experiments were conducted using tap water from the City of Philadelphia with the 
column oriented horizontally on a laboratory bench, after air was removed to permit full 
pipe flow.   
 
Water samples were taken before and after most washing experiments to measure the 
amount of iron sloughing from the fabric. Subsequently, experiments were also 
conducted on coated samples where water samples were taken at 25 BV intervals to 
determine iron content. 
 
Head loss experiments were conducted simultaneously with washing experiments for 
various flow rates as well as on uncoated clean geotextiles. This data was used to 
evaluate the effect of the coating on the hydraulic conductivity of the media. 
 
II.6 Analytical Methods 
(a) Acid Digestion 
The iron content of the iron oxide coated polypropylene mat was determined by acid 
digestion as per the US EPA acid digestion method 3050 B. One gram of media was 
added to 40 mL of 1:1 HNO3 in a beaker, and the solution was heated on a hot plate for 
15 minutes without boiling. The sample was allowed to cool for 5 minutes and another 10 
mL of HNO3 was added to the beaker and heated for 10 minutes. This step was repeated 
again (addition of 10 mL of HNO3). At the end of the final step, the iron attached to the 
PPM was completely dissolved and the acid solution turned yellow in color. The PPM 
was removed from the solution with tweezers, and approximately 140 mL of MilliQ 
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water was added to the acid solution to form a final volume of 200 mL. Samples were 
preserved in polypropylene bottles at 4oC until iron analysiswould be performed. 
  
Acid digestion was also used to determine the suspended iron concentration in water 
samples, which was separated by Whatman filter paper No. 42 (Cat. No. 1442 042) with 
particle retention > 2.5 micron. After separation the filter paper was digested in the 
method described above, which causes it to dissolve in solution. 
 
(b) Iron Analysis 
Iron content was analyzed by two methods:  
(1) using EPA 600 Method 200.8 at an EPA-certified laboratory (QC Laboratories, 
Southampton, PA or New Mexico State University Soil Water and Air Testing Lab 
(SWAT), Las Cruces, NM.) The minimum detection limit for iron is 125 μg/L. 
 
(2) using Atomic Flame Adsorption, with the Fast Sequential Atomic Absorption 
Spectrometer (AA240FS) by Varian Techtron Ply. Limited, Mulgrave, Victoria, 
Australia. The optimum performance range is 0.06 to 15 mg/L Fe. 
 
(c) Arsenic Analysis 
Arsenic was analyzed using EPA 600 Method 200.8 at an EPA-certified laboratory (QC 
Laboratories, Southampton, PA). The minimum detection limit for arsenic is 2 μg/L. 
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(d) Computational Tools and Methods 
Porosity calculations are based on the following equation for porosity of a geosynthetic 
(Koerner 1999): 
⎟⎟⎠
⎞⎜⎜⎝
⎛−=
t
mn ρ1          (1) 
where n is the porosity, m is the mass per unit area, ρ is the density of the fiber material 
and t is the thickness of the fabric.  
Headloss for fixed-bed flow is governed by the Kozeny equation (AWWA – Cleasby and 
Logsdon 1999) 
V
v
a
n
n
g
k
L
h 2
2
2)1( ⎟⎠
⎞⎜⎝
⎛−=Δ ρ
μ         (2) 
where Δh is the head loss in depth of bed, L (cm); g is the acceleration due to gravity 
(cm/s2); n is the porosity; a/v is the equivalent grain surface area per unit of grain volume 
(cm2/cm3); V is the superficial velocity above the bed (cm/s), μ is the absolute viscosity 
of the fluid, ρ is the density of the fluid and k is the dimensionless Kozeny constant. The 
Kozeny equation is strictly applicable to flow through spherical granules, of isotropic 
porosity, but is also widely accepted for flow through fibers (Endruweit and Ermanni 
2004).  Thus, the values obtained through the washing experiments can be compared to 
theoretical values using equation (2). 
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As is evident by equation (2), headloss is very dependent on porosity and a reduction in 
porosity causes headloss to increase (AWWA – Cleasby and Logsdon 1999). This 
relationship is relevant in describing the potential advantages to using coated fibers over 
sand, as well as what the effect of coating media may have on the hydraulic properties of 
the system as some pores may become clogged by iron hydroxide solids. 
Permeability, which describes the ability of the material to transmit a fluid is determined 
using Darcy’s Law and is a function of the hydraulic gradient, cross-sectional area, 
headloss and velocity of flow. However, as described above, permeability of a geotextile 
is directional, so Darcy’s law must be adapted to include permittivity, Ψ, taking the form: 
 
Q = Ψ Δh A          (3) 
 
where Ψ= K/t, K is the hydraulic conductivity (cm/sec), t is the thickness of the geotextile 
(cm), Q is the flow rate (cm3/ sec), Ψ is the permittivity (sec-1), Δh is the head differential 
across a geotextile (cm), and A is the cross-sectional area of the sample (cm2). As 
mentioned, headloss can be determined experimentally by conducting constant-head flow 
tests with a packed segment of a column with piezometer taps on either side of the media 
to measure headloss. Ψ can be estimated as the slope of a plot of Q/A vs. Δh. 
 
The permittivity of a clean geotextile is constant for any flow. If the flow rate (Q) 
changes, the Δh value changes proportionally, having no effect on the permittivity. 
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However, the permittivity of a coated geotextile can change as iron particles are washed 
off and possibly entrapped in the fabric. 
Permeability of the fibrous synthetic textile is generally anisotropic. It depends on the 
fiber radius, the porosity, and the orientation of the fabric with respect to the direction of 
flow (Endruweit and Ermanni 2004). Two different packing schemes were evaluated in 
this study with the principal plane of flow in either the cross-plane or in-plane direction. 
Tests on thicker, confined geotextile layers indicate that permittivity tests on packs of 
geotextile specimens are more appropriate than single layers as long as care is taken to 
avoid preferential flow due to the non-uniform distributions of mass per unit area 
(Palmeira and Gardoni 2002). Because one packing scheme involves the stacking of 50 
individual coupons and the other involves rolling a strip of the fiber mat into a cylindrical 
shape keeping weight constant, we can assume that a representative distribution of the 
mass per unit area is present within all samples. 
 
II.7 Materials Characterization 
Scanning electron microscope (FEI Model XL30) was utilized to study the surface 
morphology of the coated samples.  
 
Surface area was evaluated by the Quantachrome Autosorb Gas Sorption System (BET 
method). Samples were tested in the three states as a means of determining the effect of 
the attached fine iron oxide particles; uncoated, washed coated, and unwashed coated. 
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Coated samples were tested at the Pacific Northwest National Laboratory (Richland, 
WA) using N2 gas adsorption method. 
 
Mineralogy of the iron-oxide coating was assessed with a Phillips XPERT MPD X-ray 
diffractometer. Diffraction data were obtained by step-scans using CuKα radiation, 
generated at 45 kV and 40 mA, at a wavelength of 1.54056 Å, scanning from 10˚ to 80˚ 
2θ. The Jade (Materials Data Inc., Livermore, CA.) data analysis program was used to 
analyze the peaks for phase determination. Jade supports comprehensive analysis of X-
ray diffraction patterns, including Search/Match (phase identification), using the 
computer based database of diffraction data maintained by the Joint Committee for 
Powder Diffraction Studies (JCPDS) or International Centre for Diffraction Data (ICDD). 
 
FTIR sprectra were obtained to study the interfacial bonding mechanism between iron 
oxide and polypropylene on a Magna-IR 860 spectometer by Nicolet. Individual fibers 
were collected from the washed and unwashed IOCPPM samples with tweezers, 
dispersed in KBr matrices and pressed into discs. Spectra were obtained over the range 
400 to 4000 cm-1. The instrument was continually purged of CO2 with N2 gas. 
 
Powder was also removed from unwashed IOCPPM by means of physical abrasion. It 
was also prepared and tested in the manner described above. 
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III. RESULTS AND DISCUSSION 
III.1 Iron Loading on Unwashed PPM 
Table 5 shows the typical iron loading values achieved without washing, under the 
chosen coating conditions – saturating the polypropylene mat in a 0.25 M ferric chloride 
solution, at room temperature for 24 hours after neutralizing the solution to a final pH of 
8.53 in the presence of the media. The samples were removed from solution and allowed 
to dry prior to acid digestion. In comparison with other published values(Table 2), the 
iron loadings achieved in this study are much higher than the maximum loading for sand, 
45mg Fe/g (Thirunavkkarasu et al. 2003) which was developed at a higher concentration 
of iron, higher temperature, longer reaction time, and multiple steps. These values are 
very competitive based on iron loading without optimized coating conditions. Based on 
iron loading PPM presents itself as a good adsorbent for contaminant sequestration. 
 
It should be noted that upon drying, some of the iron simply falls off as a fine powder. To 
maintain iron loading after preparation, the samples were kept moist. This was achieved 
by reducing the storage temperature of the samples to be washed in the column by 
freezing and subsequent refrigeration after preparation. 
 
Table 5 – Iron Loading on Unwashed PPM Samples 
 
Sample Coating Conditions 
Iron 
Loading 
(mg Fe/g) 
1 0.25 M / 25oC / pH=8.53 82.0 
2 0.25 M / 25oC / pH=8.53 75.6 
3 0.25 M / 25oC / pH=8.53 99.8 
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III.2 Iron Loading on Washed PPM 
Because of the high degree of variability among the previously published studies, this 
study was conducted to determine which factors really affect iron loading and which do 
not. Experiments were conducted to understand the effect of three factors on iron 
retention: packing scheme (described in detail previously), flow rate, and location in the 
packed column. Iron loadings on washed polypropylene were obtained at three different 
locations as shown in Figure 6 (factor x1, with 3 levels – front, middle, and back), under 
two different packing schemes (factor x2, with 2 levels – stacked or rolled) and at various 
flow rates (factor x3, a continuous variable observed at multiple levels which can be 
categorized into slow, moderate and high). Iron loading observations were made for 3 x 3 
x 2 = 18 combinations of levels of the three factors with replicates of triplicates for each 
experiment. 
Iron loading was measured in three different locations within the sample packing to 
determine the extent of filtration. The locations are illustrated in Figure 6. Both medium 
and depth filtration were expected to occur in the coated samples during washing as the 
coating is sheared from the surface of fibers. Tables 6 and 7 illustrate iron loading results 
with respect to location. Table 6 shows that in 6 out of 10 stacked samples there is higher 
iron concentration in Section 2 (the middle section) than in Section 1 (end section on 
influent side). Because the direction of flow is from Section 1 to Section 2, these results 
likely indicate that particles removed from Section 1 are being retained in Section 2 
through both medium and depth filtration. The same trend is present in 6 out of 8 rolled 
samples as shown in Table 7. Therefore this trend is both independent of packing scheme 
and flow rate. 
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Section 1  
(Front ) 
Section 3  
(Back) 
Section 2  
(Middle) 
Flow Direction 
Composite sample 
 
Figure 6 –Schematic of Sample Section Designation by Location 
 
Marino (2006) summarizes the three types of filtration processes described by 
Schedegger (1957): 
“Schedegger (1957) divided the filtration processes into three classes: medium 
filtration, depth filtration and cake filtration. In medium filtration, particles which 
are larger than the surface pores in the filter are retained, generally at the surface 
openings or shortly inside the upgradient face of the unit. The filter behaves like a 
sieve. Failure (defined as excessive head loss) to provide the desired fluid flow, 
tends to occur by surface blinding or blockage caused by particles on the filter 
media. In depth filtration, particles smaller than the filter pores are retained within 
the filter due to the impact on or attraction to the walls of the pore channels. Pore 
channel tortuosity and pore size distribution both have a major impact on depth 
filtration due to the influence of inertial forces within the channels, as well as the 
restrictive nature of a portion of the non-uniform pores. These mechanisms may 
eventually result in excessive internal clogging of the filter pore channels. Depth 
filtration also applies to biochemical reactions that remove solutes by sorption, 
electrostatic attraction, etc. In cake filtration, the solids accumulate on or in front 
of the surface of the filter, to a large extent within the solids of interest that were 
retained near the face of the filter (Marino 2006).” 
 
The most significant findings of this study are illustrated by Tables 6 and 7, and that is 
the lack of effect of flow rate on the amount of iron retained on the fabric. For each 
packing scheme washing flow rates were tested in a range from double to 4 times what 
would be expected in a typical treatment process (5 to 25 m/h or 0.14 to 0.69 cm/s). Iron 
values do not show a definite trend indicating a linear relationship between flow rate and 
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iron retention. However, a comparison between Table 6 and Table 7 indicates that 
generally lower iron values are present among the rolled packing scheme samples. 
Table 6- Iron Retention In Stacked Samples After Washing by Location (mg Fe/g) 
Location of Specimen Tested 
Sample Washing Velocity (cm/s) Section 1 Section2 Section 3 
Final 
Composite 
(Average) Iron 
Loading 
17 0.318 67.56 69.12 57.12 60.35 
9 0.328 47.60 81.30 74.40 65.29 
16 0.331 57.84 54.00 37.32 49.72 
5 1.326 35.70 44.30 43.60 41.20 
8 1.752 72.96 59.76 48.12 60.28 
18 1.797 61.68 94.68 44.52 66.96 
11 3.180 87.34 79.12 91.05 85.84 
14 3.620 76.56 83.00 30.80 63.45 
13 4.705 45.10 43.30 30.60 39.67 
10 5.020 80.52 102.89 89.73 91.05 
 
Table 7- Iron Retention In Rolled Samples After Washing by Location (mg Fe/g) 
Location of Specimen Tested 
Sample Washing Velocity (cm/s) Section 1 Section2 Section 3 
Final 
Composite 
(Average) Iron 
Loading 
22 0.355 18.70 22.80 16.50 19.33 
20 0.393 21.20 50.40 19.80 30.47 
24 1.079 28.90 54.70 32.30 38.63 
25 1.089 46.10 25.60 36.80 36.17 
23 2.710 28.06 41.52 35.91 35.16 
26 3.480 41.73 42.79 34.79 39.77 
21 3.630 61.61 59.61 55.06 58.76 
34 4.140 35.85 39.11 35.73 36.90 
 
SPSS was used to evaluate the presence of interactions in this data, as shown in Figures 
7a,7b, and 7c. Although the plots illustrates a trend, there are no definitive interactions 
between flow, location, and packing scheme. Therefore, interaction terms were not 
included in the analysis. 
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Figure 7a – Interactive Graph of Iron vs. Flow and Packing (Scheme) 
 
Figure 7b – Interactive Graph of Iron vs. Location and Packing (Scheme) 
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Figure 7c – Interactive Graph of Iron vs. Flow With Respect to Location 
The linear model shown in Table 8 is developed using indicator variables for both 
packing and location. The coefficients and significance levels (based on a 95% 
confidence level) indicate greater dependence on packing scheme and a much lower 
dependence on flow rate. The retention of greater amounts of iron under high flow 
conditions is surprising. However, this may reflect the longer duration of the lower flow 
rate experiments. 
 
Table 8 – Linear Regression Model Parameters (Dependent Variable: Iron Loading) 
 
Unstandardized Coeifficients Factor 
Coefficient (B) Standard Error 
Significance 
Constant 29.282 5.474 0.000 
Packing 25.725 4.499 0.000 
Flow 3.328 1.403 0.022 
Location- Back -5.603 5.472 0.311 
Location- Middle 7.388 5.472 0.183 
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The average iron loadings on stacked and rolled samples are 62.38 mg Fe/g and 36.90 mg 
Fe/g, respectively. These values represent 72.7% retention for stacked samples and 
43.0% retention for rolled samples. This variance in overall retention values between the 
two different types of samples can be explained by the ability of the stacked sample to 
retain particles through the filtration mechanism.  
The differing properties of the packing schemes which characterize the filtration 
mechanism are thickness of the bed, porosity, pore size distribution and the hydraulic 
conductivity (permeability). The rolled packing scheme is 3 cm deep and the stacked 
packing scheme is 4.78 cm deep or 60% deeper, which increases its ability to retain 
particles. The iron oxide coating, with an assumed density of 4 g/cm3 (Schwertmann and 
Cornell 2000), contributes an average 1 percent loss in porosity for both the stacked and 
rolled packing scheme. The resulting porosities of the coated stacked and rolled samples 
are 0.83 and 0.74, respectively.  
In the uncoated state, permeability, an anisotropic property, is higher in the cross-plane 
direction than in the in-plane direction (Koerner 2005). The calculated permeabilities of 
the coated samples during washing, which are tabulated in Table 9 and 10 are highly 
variable, and are related to flow. The Spearman’s rho correlation coefficient between 
permeability and flow is 0.58 and is significant based on a 90% confidence level. The 
average value of the samples is 0.06 cm/s. This means that water can flow through each 
type of sample at the same rate.  
The porosities in the uncoated state are also shown in Tables 9 and 10. There is a 9% 
difference in porosity between the rolled and stacked packing schemes with the stacked 
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scheme being more porous than the rolled scheme. After coating this relationship is 
maintained. 
Increased porosity can contribute to the ability for more iron to be washed off and be 
removed by the water at each flow rate. However, the assumption is only valid when (1) 
comparing uniform pore sizes; and (2) filtering both uniform and undersized particles 
(smaller than the pore size). SEM images (Figure 13c) indicate that the particle size is 
probably less than 10 nm and the pore sizes are often larger, which indicates straining of 
larger particles by smaller pores is not happening or cake filtration (Figure 13b). Based 
on the iron retention results, the pore size distribution may be more relevant in describing 
the increased iron removal in rolled samples than total porosity. The stacking of multiple 
layers of geotextile fibers increases the heterogeneity of the pore size distribution by 
repeatedly changing the fabric orientation. This creates a more tortuous path for particles 
to travel. Increased tortuosity combined with the fact that the packed bed is also thicker in 
the stacked packing scheme means that more filtration is possible in the stacked scheme 
than in the rolled scheme. So the final iron content of the rolled samples may represent 
iron truly attached to the media, rather than unattached particles which may have 
remained entrapped in the material of the stacked layers. 
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Table 9– Specifications of Representative Stacked Samples Coated with Iron 
Hydroxide 
Sample Packing 
Scheme 
Linear 
(Darcy) 
Velocity, 
cm/s 
Headloss, 
cm 
Weight 
of 
Sample, 
g 
Porosity Permeability, 
cm/s 
15 Stack 0.24 85.41 14.58 0.83 0.01 
17 Stack 0.32 28.58 13.89 0.84 0.05 
9 Stack 0.33 62.23 NT   0.03 
16 Stack 0.33 37.47 13.86 0.84 0.04 
4 Stack 0.46 14.92 NT   0.15 
1 Stack 0.46 11.43 13.6 0.85 0.19 
12 Stack 0.58 88.90 14.13 0.84 0.03 
A Stack 1.27 106.68 13.753 0.84 0.06 
5 Stack 1.33 107.63 13.622 0.85 0.06 
8 Stack 1.75 61.60 13.044 0.85 0.14 
18 Stack 1.80 125.73 14.52 0.84 0.07 
32 Stack 2.46 120.65 13.33 0.85 0.10 
11 Stack 3.18 146.69 NT*   0.10 
10 Stack 5.02 130.18 NT*   0.18 
Average       13.83 0.84 0.09 
Standard 
Deviation       0.48 0.01 0.06 
Median       13.81 0.84 0.06 
NT* - Not Tested 
 
Table 10– Specifications of Representative Rolled Samples Coated with Iron 
Hydroxide 
Sample Packing 
Scheme 
Linear  
(Darcy) 
Velocity, 
cm/s 
Headloss, 
cm 
Weight 
of 
Sample, 
g 
Porosity Permeability, 
cm/s 
35 Roll 0.06 17.15 13.3 0.76 0.01 
22 Roll 0.36 16.51 13.7 0.75 0.06 
20 Roll 0.39 20.32 13.21 0.76 0.06 
31 Roll 0.59 8.89 13.84 0.75 0.20 
25 Roll 1.09 86.36 13.82 0.75 0.04 
19 Roll 1.15 74.30 13.96 0.75 0.05 
26 Roll 3.48 132.08 13.16 0.76 0.08 
Average    13.57 0.75 0.07 
Standard 
Deviation    0.34 0.01 0.06 
Median    13.70 0.75 0.06 
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III.3 Iron Concentrations in Effluent Water  
The EPA has established National Secondary Drinking Water Regulations (NSDWRs or 
secondary standards), which are non-enforceable guidelines regulating contaminants that 
may cause cosmetic effects (such as skin or tooth discoloration) or aesthetic effects (such 
as taste, odor, or color) in drinking water. The secondary MCL for iron in drinking water 
is 0.3 mg/L (Secondary Drinking Water Regulations: Guidance for Nuisance Chemicals 
Retrieved 10/1/06 from http://www.epa.gov/safewater/consumer/2ndstandards.html). In 
order for IOCPPM to be considered part of a viable treatment alternative, consisting of 
iron coated sorbents, the aqueous phase iron concentration must be below the secondary 
MCL. Table 11 shows values of iron content in effluent water after column washing for 
100 BV. While the concentration of iron in effluent water is significantly reduced during 
the washing process, the typical value is still 23 times higher than the acceptable level. 
Table 11– Iron Concentration in Water Samples Initially (at t=0)  and After Washing at 100 
BV (mg/L) 
Sample Packing Scheme Iron Content in Initial 
Wash Water, t=0 
Iron Content after 
Washing 
20 R 121 7.20 
25 R 1945 6.90 
26 R 286 7.80 
34 R 283 5.70 
21 R 51 68.00 
23 R 345 38.20 
In order to determine when the majority of the iron is being washed off during the 
column experiment, samples were taken at intervals between 0 and 100 BV, following 
the strategy of initially washing at a very high flow rate to remove loosely attached 
particles then washing at a slower flow rate. Iron content was also divided into dissolved 
iron and suspended iron concentrations to determine the amount of iron which was 
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contributed by the removal of the coating from the IOCPPM. The dissolved iron 
concentration of tap water was also tested in a single grab sample and determined to be 
0.23 mg/L at the time of testing. Dissolved iron concentrations were highly variable 
among the samples. These values are shown in Table 12 and further illustrated in Figure 
8. 
The results in Table 12 indicate that the majority of the suspended iron is removed in the 
first 25 to 50 bed volumes when washed at a high flow rate initially then at a lower flow 
rate. When washed at a constant flow rate, suspended particles were no longer present 
when filtered after approximately 20 bed volumes. One explanation for the absence of 
suspended particles in Samples 27 and 29 after 50 BV in comparison to Samples 31 and 
35, is the number of times the flow was interrupted to obtain a water sample. This is 
illustrated by Figure 9, which shows total iron content vs. no. of bed volumes. The 
number of data points corresponds to the number of times the flow was interrupted. 
When the flow is stopped particles are removed from the fluidized suspension through 
settling, so when the water sample is taken it contains significantly less suspended iron 
then would be passed during constant flow. However, this could be confirmed by 
collecting more liquid samples before and after the intermediate sampling period. 
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Table 12– Iron Content in Wash Water as a Function of Bed Volume 
Time, s Bed 
Volume,# 
Cumulative 
Volume, 
mL 
Flow 
Rate, 
mL/s 
Linear 
Flow Rate, 
cm/s 
Dissolved Iron 
Concentration, 
mg/L 
Suspended Iron 
Concentration, 
mg/L 
Total 
Iron, 
mg/L 
Sample 31 (Roll) 
0 0 0 0 0 0.09 1324.84 1324.93 
45.56 50 5,150 112.50 5.55 0.2 9.38 9.58 
426.56 100 10,300 12.16 0.60 0.05 4.73 4.78 
Sample 35 (Roll) 
0 0 0 0 0 0.1 278.87 278.97 
70.55 50 5,150 72.97 3.60 0.07 3.82 3.89 
442.41 100 10,300 11.55 0.57 0.02 2.88 2.90 
Sample 27 (Roll) 
0 0 0 0 0 0.29 139.1 139.39 
15 25 2,575 171.67 8.47 0.06 10.45 10.51 
15 50 5,150 171.67 8.47 0.11 2.14 2.25 
220 75 7,725 11.76 0.58 0.3 NA 0.3 
310 100 10,300 8.31 0.41 0.38 NA 0.38 
Sample 29 (Stack) 
0 0 0 0 0 0.12 21.93 22.05 
30 25 2,575 85.83 4.23 0.11 2.31 2.42 
20 50 5,150 103.00 6.35 0.17 3.57 3.74 
247 75 7,725 10.34 0.51 0.13 NA 0.13 
300 100 10,300 8.51 0.42 0.8 NA 0.8 
Sample 30 (Stack) 
0 0 0 0 1.83 0.18 75.74 75.92 
30 10.79 1,111 37.04 1.83 0.08 18.93 19.01 
30 21.57 2,222 37.04 1.83 0.59 NA 0.59 
30 32.36 3,333 37.04 1.83 0.18 NA 0.18 
30 43.15 4,444 37.04 1.83 0.15 NA 0.15 
30 53.94 5,556 37.04 1.83 0.15 NA 0.15 
60 75.51 7,778 37.04 1.83 0.19 NA 0.19 
60 97.09 10,000 37.04 1.83 0.19 NA 0.19 
NA: Not Apparent – no visible suspended iron particles when filtered 
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Figure 8 – Disssolved Iron Concentration in Wash Water Samples as a Function of 
Bed Volume 
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Figure 9 – Suspended Iron Concentration in Wash Water Samples as a Function of 
Bed Volume 
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III.4 Arsenic Removal Effectiveness of IOCPPM 
IOCPPM can be used as an iron oxide based sorbent for the sequestration of heavy metal 
contaminants in water. To evaluate its performance, arsenic was used as a representative 
contaminant in batch experiments with washed IOCPPM. Arsenic removal efficiency 
results are shown in Table 12. The average arsenic removal efficiency in these samples is 
91%, with a maximum value of 98.9% and a minimum of 74.20%. The sorption densities 
of 1.0 to 3.2 mg As/g Fe(at 1mg/L aqueous phase arsenic) found in this study are much 
higher than the adsorption densities reported for iron-oxide-coated sand in previous 
studies (0.085 and 0.1 mg As/g Fe) at similar pH conditions of 7.6 and high influent 
arsenic concentration at 1 mg/L (Joshi and Chaudhuri 1996, Vaishya and Gupta 2003).  
The adsorption densities are competitive with those found in studies using granular ferric 
hydroxide (GFH), which has been demonstrated to have an adsorption density between 
1.4 and 4.45 mg As/g (Badruzzaman, M. et al. 2004, CH2M Hill 2004, Driehaus et al 
1998) 
Fiberglass has been shown to achieve a maximum iron loading of 231 mg Fe/g media at 
pH 1.3, initial iron concentration of 0.25 M and 110oC for a combination 24hr room 
temperature and 24 hour heated aging period (Kumar et al. pending). At a similar arsenic 
concentration the media had a removal efficiency of 98%, 0.13 mg As was removed per 
gram of media and 0.56 mg As per gram of iron. Comparing these results to the IOCPPM 
results, the higher arsenic removal per gram of media can be explained by the difference 
in the densities of the materials or by the observation that 27% of arsenate was removed 
by fiberglass alone without iron-oxide coating in 48 hour equilibrium studies (Kumar et 
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al. 2006). The higher arsenic removal per gram of iron (0.56 mg As/g Fe as compared to 
1 to 3.2 mg As/g Fe) is most probably a function of the coating conditions and present 
iron oxide phases. Amorphous iron oxide, particularly ferrihydrite has a higher affinity 
for arsenic than more crystalline phases (Fuller et al. 1993). Based on the room 
temperature coating conditions involving the rapid hydrolysis of an FeIII solution, 2- line 
ferrihydrite is expected to be the first precipitate (Schwertmann and Cornell 2000). 
However, transformation to a more stable and crystalline structure will occur over time. 
Table 13 – Arsenic Removal Values for Coated and Washed Samples 
Sample Remaining 
As, μg/L 
Initial As, 
μg/L 
mg As 
removed/g iron 
loading 
mg As 
removed/g 
media 
% As removed 
18F 12 1000 1.6 0.099 98.80 % 
18B 78 1000 2.1 0.092 92.20 % 
18M 11 1000 1.0 0.099 98.90 % 
22M 258 1000 3.2 0.074 74.20 % 
Control, 24 hr 1310 1000    
 
III.5 Headloss Measurements 
Headloss through the clean filter or uncoated PPM was evaluated under both packing 
schemes. The values obtained are plotted in Figures 10. There is an increase in headloss 
with flow rate which is expected on the basis of Darcy’s Law. The data appear to be 
linear for the flow rates observed. The linear trend indicates that the rolled packing 
scheme will have a higher headloss than the stacked packing scheme for a given flow rate 
above 0.6 cm/s. The rolled samples are shorter, more densely packed, and represent a 
lower porosity than the stacked samples. So, the data follows the mathematical 
relationships established in the Kozeny equation (2). Table 14 summarizes the properties 
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of these samples. The slope of the linear equation describing the relationship of headloss 
versus linear velocity is the length (thickness) of the sample divided by the permeability,  
The permeabilities in Table 14 were determined by dividing the thickness by the slope 
(coefficient of velocity) of the linear model. 
Table 14 – Hydraulic Properties of PPM based on Empirical Model for Data in the 
Linear Range 
 Packing 
Scheme 
Porosity Thickness, 
cm 
Kozeny, 
k 
Linear Relationship Permeability, 
cm/s 
Uncoated 
Rolled 
0.75 3.00 3.66 H = 14.15V-1.11 0.21 
G
eo
te
x 
45
1 Uncoated 
Stacked 
0.84 4.78 2.31 H = 7.94V+ 2.82 0.63  
Coated 
Rolled 
0.74 3.00 9.06 H=90.54V+25.36 0.03 
G
eo
te
x 
35
1 Coated 
Stacked 
0.83 4.78 21.15 H=35.95V+36.68 0.13 
It should be noted that the observed permeability for the uncoated rolled samples, 0.21 
cm/s closely match the manufacturer’s specification of 0.25 cm/s (Table 3) for this 
material. In this study the manufacturer’s value is being used as a means of predicting an 
expected value. It is assumed that this specification is for one layer in the in-plane 
direction, since permeability in the cross plane direction is reported as permittivity. The 
rolled packing scheme closely models a single layer fiber orientation with the principal 
direction of flow in the in-plane direction.  
The observed permeability for the uncoated layered or stacked system is much different 
then the predicted value based on the manufacturer’s specification which is given as 
permittivity 1.50 s-1(permeability in the cross-plane direction per unit thickness.) For a 
single layer with reported thickness of 1.1 mm, the associated permeability would be 
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0.165 cm/s. From Darcy’s Law, the equivalent vertical hydraulic conductivity for a 
system of layers, Keq, of equal thickness and equal individual Ki values is equivalent to 
the same Ki for each individual layer. The observed value of 0.63 cm/s is much higher. It 
suggests that there is interaction between the layers which alters the property for the 
whole system or preferential flow patterns exist within the system that would cause 
channeling. Although the possibility of channeling can not be dismissed, care was taken 
to avoid preferential flow patterns by cutting the samples precisely to the pipes inside 
diameter and by stacking enough samples (50) that variation in the mass per unit area 
would have a negligible effect on flow path. 
Observed permeability in both cases should be compared to predicted values using the 
manufacturer’s mean not the manufacturer’s reported MARV2 (minimum average roll 
value, the mean minus two standard deviations). In order to obtain an appropriate value 
for comparison, the distribution of permeability was assumed to be the same as the 
distribution for mass per unit area. This distribution was observed by Marino (2006) for a 
180” by 34” roll of the 5 oz/sy Geotex 601 product by the same manufacturer. Figure 10 
illustrates the non-uniformity of the fiber distribution amongst the most dense and least 
dense sample coupons taken from the same roll using a light table. These variations 
directly affect the porosity of the fabric and based on the Kozeny equation has a direct 
relationship to the headloss in the filter, which forms the basis of the author’s assumption. 
The distribution of the mass per unit area data taken from Marino (2006) is best fit by a 
lognormal distribution with standard deviation equivalent to 8.57% of the mean. 
Applying this relationship to the manufacturer’s MARV2 yields a mean permeability of 
0.19 cm/s in the cross-plane direction and 0.30 cm/s in the in-plane direction. 
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Figure 10 - Most Dense And Least Dense Coupons (5 oz/sy) - Roger Marino, 
“Geotextile filter treatment of combined sewer discharges “, Diss., Drexel 
University, 2006 
The discrepancies among the observed values and predicted values based on the 
manufacturer’s specifications can be attributed to differences in the test methods. The 
manufacturer’s value is based on ASTM D-4491, which is written around a constant head 
of 50 mm. This study uses significantly more head for a layered system of geotextile 
coupons, which is an application outside of the purpose for which the manufacturer has 
tested the material. Flow rates outside of the laminar region also affect these results. 
Using the Kozeny equation (2), the dimensionless constant, k, was calculated 
experimentally for the clean, uncoated fibers. The results were 3.66 and 2.31 for the 
stacked and rolled packing arrangements, respectively. Values for most filter media fall 
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in the range of 4 to 6, with 5 being a commonly accepted mean value. The value of k 
depends on porosity, the arrangement of particles, and the shape and size of particles for 
granular media, it considers the tortuosity of flow paths and the non-uniformity of pores. 
The equation becomes unreliable if the packing is not random, if the porosity is very high 
(as in the case of fibers) and if the ratio between the void volume and total surface area 
varies widely from the mean in certain locations (Massey 1970). The later may be an 
explanation for the values obtained for the coated media. 
In general, it is impossible to accurately predict the Kozeny constant for fiber beds 
because they do not form exact known arrangements, but theoretical studies have been 
carried out for square and hexagonal arrays of solid cylinders using analytical or 
numerical methods (Amico and Lekakou 2002). The reported values have a higher 
dependence on porosity than granular media and range from 0.8 to 10, so the results of 
this study are consistent with those observations. 
Values of headloss for coated samples are show in Figures 12. For a representative flow 
rate, the magnitude of headloss for the coated sample is as much as 10 times the headloss 
for an uncoated sample. Both curves were fit with a polynomial expression, but it is 
possible for a linear relationship to describe both curves between 0 and 3 cm/s. Reynolds 
number, Re, at the transition point where the plot no longer follows a linear trend 
(approximately 2.5 cm/s) for the stacked samples is 71.02, and for the rolled samples (at 
approximately 1.5 cm/s) is 42.6. Both Reynolds number values are considered “nonlinear 
laminar” or transitional for flow through porous media. The diameter of the fiber was 
used as the length scale in these calculations. If the manufacturers reported maximum 
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average roll value for apparent opening size is used instead as a representative length 
dimension, the Re is 639 for the stacked samples and 213 for the rolled samples, which 
are both within the turbulent region for porous media (Freeze and Cherry 1979.) The 
actual Re is expected to fall within these values, but it is clear that the linear laminar 
region has been exceeded. 
For a given flow rate above 1.4 cm/s, the rolled packing scheme will have a higher 
headloss than the stacked packing scheme. It is apparent that the coating of iron particles 
on the fibers and filtering that occurs during the washing procedure may be contributing 
to increased headloss. However, surface morphology studies which are reported later do 
not capture a significant change in pore size due to the coating, so depth filtration of 
Fe(OH)3 solids is more likely the cause of the increased headloss.  
The characteristics which effect filter performance and headloss buildup can be divided 
into three categories; (1) filter characteristics- size and shape of media, depth of media 
and clean-bed porosity; (2) physical characteristics of the particles being filtered – 
particle size, shape, number concentration, and density; and (3) fluid properties and water 
chemistry. Since only a 1% change is porosity was observed between the uncoated and 
coated samples corresponds to a seemingly significant increase in headloss for the 
observed samples, it is worth considering the nature of the entrapped particle as a 
contributing factor. It is well established that smaller particulates appear to cause a higher 
rate of headloss than larger particulates for the same mass of particulates based on the 
hypothesis  that smaller particulates increase the total surface area in granular media thus 
increasing drag friction more rapidly than would occur for the larger particulates (Boller 
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and Kavanaugh 1995.) Boller and Kavanaugh show the results of several well 
characterized published experimental studies of granular media filtration using a a range 
of particulat types, sizes and particulate density, and a range of design variables - flow 
and media size (1995). Of the particulate types tested, flocculated Fe-hydroxides had the 
highest ratio of ΔH/ΔHo. For a particle volume deposit ratio of 0.005, which is 
representative of the average Fe loading per stacked sample (2g or 0.5 cm3 per 96.88 
cm3), the observed  ΔH/ΔHo in sand was 80 (Boller and Kavanaugh 1995). The observed 
ratio for the stacked and rolled samples at a representative velocity of 1 cm/s is 6.74 and 
4.84. So, for Fe particles of the same type, size and density, a higher headloss would be 
predicted in a granular bed than in the geotextile layered filter. 
Final iron content vs. headloss is plotted in Figures 13. One would expect increased iron 
content in the form of entrapped particles to cause increased headloss. Among the 
samples of the same packing scheme this trend is identified in Figure 13. However a 
comparison between two types of samples indicates that packing scheme has a greater 
impact on headloss than iron content. The Pearson and Spearman correlation coefficients 
between headloss and iron for the rolled samples are 0.865 and 1.00, respectively, 
indicating very high correlation. For the stacked samples, the Pearson and Spearman 
correlation coefficients between headloss and iron are 0.192 and 0.248, respectively, 
indicating a very low correlation. 
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Figure 11 - Headloss vs. Linear Velocity for Uncoated Stacked and Rolled Samples 
Head loss versus superficial velocity for 10-12 mesh sand at 25oC, Lo=37.9, n=0.446 (Source: 
AWWA-Cleasby and Logsdon 1999) 
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Figure 12– Headloss vs. Linear Velocity for Coated Stacked and Rolled Samples During 
Washing 
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Figure 13- Headloss vs. Iron Content for Coated Stacked and Rolled Samples  
III.6 Materials Characterization 
(a) BET Surface area 
Properties of the iron oxide coated materials and Fe oxide particles abraded from the 
surface were investigated in an attempt to characterize the media. The BET surface areas 
summarized in Table 15 show that the coating procedure increased the surface area by 
two orders of magnitude after coating. This decreased by more than 50% after washing. 
This increase in surface area is attributed primarily to iron deposition. The difference in 
surface areas achieved before and after washing is representative of lost iron oxide during 
the washing process. The iron oxide coating retained on the washed fibers introduces 
small pores which make the media suitable as an adsorbent. 
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Table 15 – BET Surface Area 
Condition of Media Surface Area, m2/g 
Uncoated Polypropylene Mat 0.14 
Unwashed Coated Polypropylene Mat 24.6 
Washed Coated Polypropylene Mat, #26 8.51 
 
(b) Surface Morphology 
SEM analysis of the polypropylene mat confirms a fiber diameter in the range of 40 μm 
Figure 14a also indicates the presence of very large macropores on the surface of the 
fiber, which are assumed to exist throughout the fabric. Figure 14b shows a relatively 
smooth, nonporous fiber surface in comparison to sand, which has rough concave areas 
that would allow the coating to accumulate (Xu and Axe 2005). This observation 
supports the hypothesis that the coatings achieved on PPM will be loosely attached. 
  
Figure 14a – SEM Micrograph of Uncoated PPM (Resolution: x140) 
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Figure 14b – SEM Micrograph of Uncoated PPM (Resolution: x500) 
 
Figures 15a, 15b and 15c show SEM images of coated polypropylene mat (85.8 mg Fe/g 
average). These images show that most of the surface still remains uncoated with iron 
oxide. Particles which have attached appear to have a very loose attachment. Optimizing 
the coating conditions may further increase the iron retention and coverage on the media. 
In the coated state macropores are still present to allow fluid to flow through the media. 
The coating does not appear to dramatically affect the pore size distribution. Figure 15c 
shows irregular and widely varied particle sizes which may explain the inconsistencies in 
the amount of iron particles washing off the surface that were found in the effluent water. 
One can suspect that during washing varied size particles were shearing off randomly. 
 
 52
  
Figure 15a – SEM Micrograph of Coated PPM (Resolution: x100) 
 
  
Figure 15b – SEM Micrograph of Coated PPM (Resolution: x300) 
  
Figure 15c – SEM Micrograph of Coated PPM (Resolution: x3,300) 
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(c) Mineralogy 
Both the PPM in the coated and uncoated state, along with the abraded iron oxide 
particles were scanned using X-ray diffraction in an effort to determine the iron oxide 
phase. The results are shown in Figure 16. A crystalline structure for the iron oxide is not 
apparent in the scans of the unwashed or powder sample, which have the highest iron 
concentrations.  This is strong evidence that the iron oxide phase is therefore amorphous. 
The highly crystalline pattern obtained is that of NaCl (Arrieta et al. 1999), a byproduct 
from hydrolysis of FeCl3 with NaOH. The testing was conducted several months 
following the washing experiments. Prolonged exposure of the media to the atmosphere 
causes iron oxide phases such as ferrihydrite and goethite to transform to more stable 
states (Cornell and Schwertmann 2000). However, based on the coating conditions at 
room temperature and the lack of iron oxide peaks, it can be concluded that the dominant 
iron phase is amorphous. This is also supported by the arsenic adsorption density in 
comparison to iron oxide phases at higher temperatures. 
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Figure 16– XRD patterns for iron oxide coating, polypropylene mat (PPM), iron-
oxide coated PPM both washed and unwashed 
 
(d) Iron Oxide Bonding on Fibers 
The materials were also analyzed by FTIR to investigate interactions between the 
substrate and the coating. The spectra are shown in Figure 17a and 17b. Although some 
shifting is apparent, the absence of peaks in the range of 500 to 1000 cm-1 (the expected 
range for iron oxide) does not allow further identification or investigation into the 
interfacial interactions between PPM and the iron-oxide. However, the absence of 
bonding is a strong indication that the coating is only physically associated to the PPM. 
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Figure 17a – Infrared Spectra of Coated/Uncoated PPM and PowderCoating 
in the range 500 to 4000 cm-1 
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Figure 17b – Infrared Spectra of Coated/Uncoated PPM and PowderCoating 
in the range 400 to 700 cm-1 
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III.7  Media Regeneration 
Two different mechanisms for attachment are plausible during coating – physical 
association (characterized by retention of iron-oxide by filtration of particles in the fiber 
mat and weak electrostatic or van der Waals forces) and chemical association (such as by 
covalent bond).  The nature of the bonding, which occurs between silica sand and iron 
oxide has been observed and is reported to be very strong and stable. The existence of Fe-
O-Si bonds is evident based on results from X-ray photoelectron spectroscopy (XPS) and 
Fourier transform infared (FTIR) spectroscopy and explains the basis for such attachment 
(Scheidegger et al. 1993). Additional evidence that the quartz-ferrihydrite interface 
involves chemical interactions and not simply forces (electrostatic) were observed by 
Liang et al.(2000). The results of abrasion studies, which indicate that the coating on sand 
can not be easily removed by washing also suggest the involvement of chemical forces 
(Xu and Axe 2005).  
 
Figure 18 – Iron Oxide Coated Polypropylene Fibers (Konrath and Hsuan 2002) 
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Only physical association is responsible for the coating of polypropylene with iron oxide 
because of polypropylene’s inherent chemical inertness and lack of functional groups for 
chemical bonding. Images of the coated fibers through an electron microscope 
consistently show a very loose attachment, as in Figure 18 (Konrath and Hsuan 2002), as 
would be expected.  Good adhesion is only produced between a fluid and a substrate if 
the adhesive wets the surface of the substrate as well as possible and sufficient wetting 
can only occur if the surface energy of the liquid is equal or lower than the surface energy 
of the substrate.  Normally polypropylene in an untreated state is not wettable by 
adhesives (fluids) and not bondable because it has a low surface tension in the range of 
29 and 35 mN/m and adhesives have higher surface tensions, 35 mN/m to 72mN/m, the 
surface energy of water. Surface energy can be divided into dispersed energy and polar 
energy. Polypropylene has a very low polar energy because it lacks polar groups in its 
molecules, which result in its low chemical reactivity (Karger-Kocsis 1998).  For this 
reason, it is not reactive with Fe(OH)3 and not even hydrogen bonding is possible due to 
polypropylene’s non-polar character. Karger-Kocsis 1998 also states that in an untreated 
state, only physical bonds of very low binding energy are created on a polypropylene 
surface and as a consequence adhesion between adhesive and substrate is very low. A 
similar phenomenon is hypothesized between amorphous iron oxide particles precipitated 
from solution and polypropylene fibers. This means that vigorous washing at extremely 
high flow rates after iron deposition can possibly disassociate the iron oxide from the 
material, which would be counterproductive in its application as a novel adsorbent. 
However, a loose physical association with a hydrophobic material may actually be a 
favorable condition because it offers possibilities of physical regeneration, more cost 
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effective reuse of the material and less hazardous waste from the treatment process. In 
fact, upon drying the iron oxide coating on polypropylene fiber develops into a fine 
powder which can be easily abraded from the surface. Preliminary results show 50% 
removal with minimum friction. Optimal physical regeneration in this manner is 
preferable to chemical regeneration because it eliminates costly dewatering of sludge 
containing leechable metals, which can potentially reduce the cost of the treatment 
process. It also preserves the surface of the material making it feasible to reuse the 
material by re-coating it, thereby eliminating the cost of replacing the substrate after 
treatment. 
Abrasion studies were conducted using manual brushing and subjecting the samples to a 
shaker table for several days. The results are summarized in Figure 19. Manual abrasion 
makes it possible to remove up to 50% of the coating. Although the amount of effort was 
not possible to quantify as in the shaker table method, it appeared that additional removal 
was possible with continued brushing. 
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Figure 19 - Iron Loading on Regenerated Material 
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IV. SUMMARY AND CONCLUSIONS 
Iron oxide coated polypropylene mat (IOCPPM) was prepared using a previously 
published (Xu and Axe 2005) precipitation method. The effect of washing the prepared 
media following coating was evaluated at different flow rates to determine if a 
relationship exists between the washing flow rate and iron retention on the media. 
Compared to published results for similar processes and materials (Thirunavukkarasu et 
al. 2003), the amount of iron deposited and retained on the polypropylene is very 
competitive making it a possible candidate for adsorption based treatment of heavy 
metals in drinking water. 
 
The IOCPPM was packed into a column using two distinct packing schemes –stacked 
and rolled, which represent different porosities and permeabilities (based on the direction 
of flow through the fabric.) Water was passed through the column at constant pressure 
and velocity by using a constant head reservoir. Linear velocity of flow was only 
modestly correlated with iron retention, as a maximum of 73% of the coated iron was 
retained when washing was conducted at relatively high flow rates. Packing scheme, 
however, was found to greatly influence the final iron loading. The stacked packing 
scheme had better retention than the rolled scheme, because more filtration is possible 
due to the nature of fiber orientation. A trend among the iron values at different sampling 
locations was identified and suggests filtering of the iron oxide particles causes them to 
be entrapped in the middle portion of the packing. The entrapped particles contributed to 
higher iron loading in the stacked samples. 
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Washed specimens were used in batch studies to determine the media’s performance as a 
novel adsorbent, using arsenic contaminated water. The sorption capacity of the media 
permitted very high removal rates. The highest adsorption density achieved by the 
samples in this study was 3.2 mg As/g Fe. Additional research to optimize the process, 
could increase the potential for IOCPPM to become part of an effective treatment 
technology to reduce soluble metal concentrations to levels well below those possible by 
conventional precipitation treatment.  
 
During the washing experiments headloss was measured to determine how practical the 
media might be in a typical treatment system. The values of headloss under the rolled 
packing scheme were higher than those achieved under the stacked packing scheme 
primarily because the porosity of the rolled packing was less than that of stacked packing, 
even though the average permeabilities measured experimentally were the same. 
Headloss vs. linear velocity for both packing schemes presented near linear plots. The 
expected relationship between porosity, permeability, and headloss is evidence that both 
Darcy’s Law and the Kozeny equation for headloss in fixed bed filters can be used as a 
model to describe the behavior of flow through coated fibrous media. However it was an 
interesting observation that Darcy’s Law was applicable further into the transition region 
(typically the non-linear laminar) for fibers than for sand. 
 
Rapid granular bed filtration usually consists of flow through the granular bed at rates of 
5 to 25 m/h (0.14 to 0.69 cm/s), with a maximum allowable headloss of 8 to 10 ft. of 
water (AWWA-Cleasby and Logsdon 1999). At a flow rate of approximately 1 cm/s the 
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maximum measured headloss was about 3.28 ft. of water for 100 BV, or well below the 
limiting value for a typical system. For the same flow rate, iron loading is maximized by 
using the stacked packing scheme. In a full scale design, the benefits of low headloss 
translate to lower capital and operating costs. Balancing hydraulic loading rate and empty 
bed contact time with the surface area per unit volume available for adsorption, while 
maintaining a low headloss requires further study because the relationship between 
permeability and increased layering for deeper beds of coated fibers remains unknown. 
 
IOCPPM can be regenerated physically, which is preferable to chemical regeneration, by 
brushing to abrade the iron oxide particles from the surface. Sorbed metals can then be 
recovered through chemical processes or the powder can be landfilled after meeting 
Toxicity Characteristic Leaching Procedure (TCLP) (http://www.epa.gov/sw-
846/faqs_tclp.htm). 
 
The results from this study substantiate the hypothesis that iron oxide can be coated on 
polypropylene fibers at loadings higher than those achieved on sand in previously 
published studies. The polypropylene fibers are also capable of retaining the iron oxide 
coating under relatively high flow rates with low headloss. This evidence suggests 
IOCPPM can be a good sorption/filtration medium for treatment of drinking water 
contaminated with heavy metals. However, additional testing is required to maximize 
coating, minimize and prevent the presence of suspended iron in effluent water, 
determine the effective lifetime of the media. 
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APPENDIX A: SAMPLE CALCULATIONS 
 
 
 
 
Permeability of Samples from Linear Model: 
 
From Darcy’s Law (3): 
 
HAQ ΨΔ= , where 
t
k=Ψ  
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t
kQ Δ=  
V
k
tH =Δ  
 
(uncoated, rolled) 
 
ΔH = 14.155V-1.105 (from Table 14)  
 
155.14=
k
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21.0
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00.3 ==k  
 
(uncoated, stacked) 
 
ΔH = 7.9431V+ 2.82 (from Table 14) 
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(coated, rolled) 
 
ΔH=90.54V+25.365 (from Table 14) 
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(coated, stacked) 
 
ΔH=35.951V+36.688 (from Table 14) 
 
13.0
951.35
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==
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Specific Surface of Fibers: 
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d = 40 μm 
 
15101
40
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Porosity (1): 
⎟⎟⎠
⎞⎜⎜⎝
⎛−=
t
mn ρ1  
Where m = 13.83 g (mean value) for stacked samples and m = 13.57 g (mean value) for 
rolled samples, and ρ of polypropylene =0.91(Koerner 1999). 
 
(uncoated, rolled) 
75.0
0.3*91.0
)*54.2/(57.131
2
=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Π−=n  
 
(uncoated, stacked) 
84.0
78.4*91.0
)*54.2/(83.131
2
=⎟⎟⎠
⎞
⎜⎜⎝
⎛ Π−=n  
 
(coated, rolled) 
Volume TOTAL  = Πr2t = Π* 2.542*3.0 = 60.80 cm3 
Volume VOID INITIAL = n* Volume TOTAL = 0.75*60.80 cm3 = 45.60 cm3 
Volume FeO = avg. weight gain* assumed density = 2g ÷ 4 g/ cm3 = 0.5 cm3 
Volume VOID FINAL  = Volume VOID INITIAL - Volume FeO = 45.60 – 0.5 = 45.10 cm3 
nFINAL = Volume VOID FINAL  ÷ Volume TOTAL  = 45.10 cm3÷ 60.80 cm3=0.74 
 
(coated, stacked) 
Volume TOTAL  = Πr2t = Π* 2.542*4.78 = 96.88 cm3 
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Volume VOID INITIAL = n* Volume TOTAL = 0.84*96.88 cm3 = 81.38 cm3 
Volume FeO = avg. weight gain* assumed density = 2g ÷ 4 g/ cm3 = 0.5 cm3 
Volume VOID FINAL  = Volume VOID INITIAL - Volume FeO = 81.38 – 0.5 = 80.88 cm3 
nFINAL = Volume VOID FINAL  ÷ Volume TOTAL  = 80.88 cm3÷ 96.88 cm3=0.83 
 
Kozeny Constant from Kozeny equation (2): 
 
V
v
a
n
n
g
k
L
h 2
2
2)1( ⎟⎠
⎞⎜⎝
⎛−= ρ
μ  
Where V = 1 cm/s = 0.01 m/s 
ρ=1250 kg/m3 at 10oC 
μ= 1.76x10-5 Ns/m2 
g=9.81 m/s2 
15101 −= mx
v
a  
 
(uncoated, rolled) 
L= t =3.0 cm 
n=0.75 
from linear model, h = 14.155(1) -1.105 = 13.05 cm =0.1305 m 
 
(coated, rolled) 
L= t =3.0 cm 
n=0.74 
from linear model, h = 90.536(1)-25.365=65.171 cm = 0.6517 m 
 
(uncoated, stacked) 
L= t =4.78 cm 
n=0.84 
from linear model, h=7.94(1)+2.82 = 10.76 cm = 0.1076 m 
 
(coated, stacked) 
L= t =4.78 cm 
n=0.83 
from linear model, h=35.951(1)+36.688 = 72.639 cm = 0.7264 m 
 
